To investigate a possible disorder of adenine nucleotide turnover in Duchenne muscular dystrophy, we evaluated 15 patients with mild Duchenne muscular dystrophy, eight patients with severe muscular dystrophy, seven patients with other neuromuscular disorders, and eight patients with hypogammaglobulinemia but no muscle disease. The serum urate concentration was similar in all four groups. Base line urinary purine excretion was elevated in all patients with neuromuscular disease with values of 1.72 & 0.15, 2.37 0.22,2.49 + 0.35, and 2.60 + 0.48 pnoles/100 ml glomerular filtration for control subjects, mild Duchenne muscular dystrophy, severe disease, and other neuromuscular diseases, respectively.
Summary
To investigate a possible disorder of adenine nucleotide turnover in Duchenne muscular dystrophy, we evaluated 15 patients with mild Duchenne muscular dystrophy, eight patients with severe muscular dystrophy, seven patients with other neuromuscular disorders, and eight patients with hypogammaglobulinemia but no muscle disease. The serum urate concentration was similar in all four groups. Base line urinary purine excretion was elevated in all patients with neuromuscular disease with values of 1.72 & 0.15, 2.37 0.22,2.49 + 0.35, and 2.60 + 0.48 pnoles/100 ml glomerular filtration for control subjects, mild Duchenne muscular dystrophy, severe disease, and other neuromuscular diseases, respectively.
Adenine nucleotide pool turnover was measured by labeling with l~14C)adenine and then 5 days later administering intravenous fructose. Five-day cumulative mean radioactivity excretion was elevated in mild and severe Duchenne muscular dystrophy with excretion values of 11.4 + 0.7 and 11.5 + 1.1% of administered radioactivity, respectively, as compared to 9.0 2 O. % of administered radioactivitv for control subiects. After intravenous fructose infusion, patients with Duchenne muscular dystrophy had a less than normal rise in serum urate concentration, a normal increase of urinary purine excretion, and a greater than normal elevation of urinary radioactivity excretion and urinary purine specific activity. Patients with other neuromuscular diseases had virtually no rise in plasma urate concentration, less than normal increase in urinary total purine excretion, and a greater than normal increase of urinary radioactivity excretion and urinary specific activity.
These observations suggest that there is an increased rate of adenine nucleotide turnover in Ducheme muscular dystrophy. In patients with other neuromuscular disease an increased rate of adenine nucleotide turnover resembled the abnormality expected from a diminshed adenine nucleotide pool.
Speculation
The accelerated turnover of adenine nucleotides in Duchenne muscular dystrophy may result from the proposed membrane defect. Treatment directed toward increasing the synthesis of ATP may be beneficial in Duchenne muscular dystrophy.
Despite intensive research to discern the molecular basis for the progressive disorder in Duchenne muscular dystrophy, a single primary biochemical abnormality has eluded investigators. Prominent hypotheses to explain the disorder have included a structural membrane abnormality (I I, 25, 26, 28, 29, 37, 40) or an accelerated state of protein degradation in dystrophic muscle (16, 3 1) . It is at present difficult to discern which of these possibilities may be correct or indeed, whether both types of disorders may result from a more fundamental abnormality in the dystrophic muscle cell.
A disorder of adenine nucleotide metabolism in Duchenne muscular dystrophy has been suggested by a reduction of high energy phosphate compounds in dystrophic muscles (3, 5, 13, 14, 20, 30, 39) . Allopurinol therapy increases muscle adenine nucleotide levels and improves muscular dystrophy (34, 35) . Although the efficacy of allopurinol therapy is now doubtful (1, 4, 34), its ability to modify purine degradation may be relevant for a possible disorder of adenine nucleotide degradation.
To clarify whether there may be a disorder of adenine nucleotide degradation in Duchenne muscular dystrophy, we have applied newly established sensitive methods for the study of purine nucleotide degradation in vivo (8) (Figure 1 ). The adenine nucleotide pool is labeled with radioactive adenine. Base line adenine nucleotide turnover rates are assessed independent of de novo purine synthesis by measuring urinary excretion of radioactivity. A subsequent infusion of fructose accelerates this pathway and provides a sensitive measure for the detection of disorders of nucleotide degradation. Using these methods our studies suggest a disorder of adenine nucleotide degradation in Duchenne muscular dystrophy.
METHODS
Tetrasodium phosphoribosylpyrophosphate, D-fructose, uricase, xanthine oxidase, AMP, IMP, adenine, and purine nucleoside phosphorylase were purchased from the Sigma Chemical Co., St Fifteen patients with mild Duchenne muscular dystrophy, eight patients with severe Duchenne muscular dystrophy, and seven patients with other neuromuscular disease (four spinal muscular atrophy, one Becker dystrophy, one congenital myopathy, and one myotonic dystrophy) were admitted to the University of Temessee Center for Health Sciences. The category of mild Ducheme muscular dystrophy was defined as a score of 6 or below on a scale from 2 to 17 of an assay of functional activity as defined by Vignos and Licht (38) modified to include activities performed mainly with the upper extremity. Severe muscular dystrophy was defined as a score above 6. Table 1 lists the patients in these different categories with their age and functional score. Eight patients with primary hypogammaglobulinemia and a deficiency of lymphocyte membrane 5'-nucleotidase were hospitalized on the Clinical Research Center at the University of Michigan for study of a possible disorder of purine metabolism. Careful observation of this group has revealed no evidence for a systemic disorder of purine metabolism (7) . Plasma urate levels and urinary uric acid excretion were normal. The response to intravenous fructose was comparable to that of eight adult subjects. The patients with other neuromuscular diseases or with hypogammaglobulinemia were used for comparison with Duchenne muscular dystrophy. Patients with other neuromuscular disease resembled mild Duchenne muscular dystrophy in functional capacity and age (Table 1 ). The patients with hypogammaglobulinemia were older than the patients with muscle disease (Table 1) . Informed consent was obtained from all adult patients and from the parents of children. Each patient received a weight maintenance purinefree diet with 10 to 12% protein for 5 days before and during the study period. No medication that alters uric acid synthesis or excretion was given.
Ten to 25 pCi of [8-14C] adenine contained in 2 to 5 pmoles of adenine was administerd intravenously through Cathivex filters (8) (Fig. 1) . The filters were flushed with 40 ml of 0.87% sodium chloride. Daily urine collections were obtained over a 5-day period. Aliquots consisting of 0.5 ml of each urine sample were pipetted into a scintillation vial to which was added 5 ml of Instagel. The suspension was then counted in a Packard Model 303 liquid scintillation spectrometer system. The total amount of radioactivity excreted each day was calculated and this value was divided by the total amount of radioactivity infused to determine the percentage of excretion. Three to five days after radioactive adenine administration, all patients received fructose (0.5 g/kg) intravenously over 10 min as previously described (8) (Fig. 1 ). Blood for plasma urate determination was obtained at 0, 15, 30, 60, 90, and 150 min after the start of the intravenous fructose. Urine for creatinine, radioactivity, uric acid, oxypurine, and inosine was obtained at hourly intervals for 1 hr before and 3 hr after the fructose infusion. Hypoxanthine-guanine and adenine phosphoribosyltransferases, PP-ribose-P synthetase, purine nucleoside phosphorylase, and adenosine deaminase were determined by radiochemical methods (9, 10. 18. 36) . Serum urate and urinary uric acid, oxypurines and inosine were quantitated by enzymatic spectrophotometric methods (8, 19, 22) . Creatinine was measured by an automated Jaffe reaction (33) . Urinary purine excretion was expressed per 100 ml of glomerular filtrate instead of the standard method using the urinary creatinine excretion. This minimizes the error caused by the decreased urinary creatinine excretion, which occurs in neuromuscular diseases. Protein was estimated by the method of Lowry et al. (21) with bovine serum albumin as a standard. Concentrations of compounds using these studies were based on the descriptions or assays provided by the manufacturer. Statistical studies utilized the unpaired two-tailed Student's t test. Calculations were performed on a Hewlett Packard 9825 programmable desk top calculator using the statistics program package.
RESULTS

BASE LINE MEASUREMENTS
Purine nucleotide degradation was assessed by measuring the serum and urinary purines (Table 1) . Serum urate concentration Table 1 . SI in these groups of patients was in the normal range for this age group. Base line urinary purine excretion expressed as pmoles/ 100 ml glomerular filtration was found to be significantly elevated in patients with mild muscular dystrophy (P = 0.03). severe muscular dystrophy (P = 0.03), and other neuromuscular diseases (P = 0.04). Urinary uric acid excretion (mg/kg * S.D.) was higher in mild Duchenne muscular dystrophy (10.9 f 2.3) and other neuromuscular diseases (9.4 * 2.6) than normal controls (7.6 + 2.0) or severe muscular dystrophy (8.5 k 3.4). Base line urinary purine excretion was also evaluated using tracer studies with Cladenine which may provide a sensitive indication of the turnover of the adenine nucleotide pool (10) (Fig. 1) . The 5-day cumulative radioactivity excretion was found to be significantly increased in mild and severe muscular dystrophy ( P < 0.03 and < 0.05), but not in other neuromuscular diseases (Table 1) . In these studies values for neuromuscular diseases were similar to those of Duchenne muscular dystrophy.
ACCELERATION OF NUCLEOTIDE DEGRADATION BY FRUCTOSE
The increased purine excretion and the elevated radioactivity excretion in Duchenne muscular dystrophy suggested that a disorder of purine nucleotide degradation may be present. To assess for this possibility, the pathway of purine nucleotide degradation was perturbed by intravenous fructose infusion. Intravenous fructose is known to cause the rapid degradation of adenine nucleotides to purine end products (Fig. 1) . This results in an elevation of plasma urate concentration and in the urine a major increase in inosine excretion and smaller increases in hypoxanthine and uric acid excretions (8) . The sum of these three urinary purines is referred to as total purine excretion. Altered responsiveness to intravenous fructose could indicate the nature of the disorder.
All three groups of patients with neuromuscular disease had a less than normal rise in the serum urate concentration after intravenous fructose (Fig. 2) . However, the patients with other neuromuscular diseases had the smallest increase in serum urate levels. The elevation of total purine excretion during the first hour after a fructose infusion was similar in Duchenne muscular dystrophy and control subjects, but was decreased significantly in other neuromuscular diseases (Fig. 3) . There was a significant difference in the purine excretion between other neuromuscular diseases and severe muscular dystrophy ( P < 0.03). and a difference of borderline significance between other neuromuscular diseases and mild Duchenne muscular dystrophy ( P < 0.06). Uric acid accounted for 86.1 to 89.4% of total purine excretion in all groups prior to fructose infusion. After fructose infusion the percent uric acid decreased to 47.9 to 56.2% for all groups except the other neuromuscular diseases, who had a significantly ( P < 0.001) higher relative urate excretion of 71.9% of total purine excretion. On the other hand, the increase in the radioactivity excretion after a fructose infusion was substantially higher in all patients with neuromuscular disease as compared to the control patients (Fig. 4) . There was no difference bktween other neuromuscular disease and Duchenne muscular dystrophy. Table 1 were given intravenous fructose and the plasma urate Fig. 1 . Adenine nucleotide metabolism in humans. D u c h e~e muscular concentration determined before and for hr afterward. The data are dystrophy is characterized by decreased muscle adenine nucleotides. This expressed as change in the plasma urate concentrations * S.E, may be indicative of a disorder of adenine nucleotide degradation. ATP is degraded to uric acid by the pathway shown. ATP is converted to ADP by utilization in reactions of intermediary metabolism (reaction l), nucleoside diphosphatase (reaction I), or nucleoside disphosphate kinase (reaction 3). It may be directly converted to AMP by reactions of intermediary metabolism or nucleotide pyrophosphatase (reaction 4). ATP may be formed from ADP by creatine phosphokinase (reaction 2) or nucleoside diphsophate kinase (reaction 3). ADP may be degraded to AMP by adenylate kinase (reaction 5) or nucleoside diphosphatases (reaction 6). AMP may be either deaminated to IMP by AMP deaminase or dephosphorylated to adenosine by 5'-nucleotidase and other phosphatases (reaction 7). Adenosine or IMP may be resynthesized to AMP (reactions 8 or 11). Inosine is formed by the deamination of adenosine by adenosine deaminase (reaction 9) or the dephosphorylation of IMP (reaction 7). Inosine is degraded to hypoxanthine by purine nucleoside phosphorylase (reaction I2), and hypoxanthine is oxidized to uric acid by xanthine oxidase (reaction 13).
!udv subjects'
When [I-"Cladenine is administered intravenously, it is removed rapidly by tissues and can be converted to AMP by adenine phosphoribos;ltransferase (reaction 14). This reaction leads to the labeling of the adenine nucleotide pool. The degradation of the adenine nucleotide pool leads to a labeling of purine catabolic products.
The infusion of fructose is used as a provocative test to study the pathways of purine nucleotide degradation. Intravenous fructose activates purine nucleotide degradation by suddenly converting a large quantity of ATP to ADP during the phosphorylation of fructose. There ensues an elevated purine excretion in the urine which involves a major increase in inosine excretion and smaller increases in hypoxanthine and uric acid excretions. When the adenine nucleotide pool is radioactively labeled these urinary purines are labeled as well.
The purine nucleotide cycle of muscle includes the deamination of AMP to IMP (reaction 10) and the resynthesis of AMP from IMP (reaction 1 I). It is responsible for the release of ammonia by exercising muscle.
In an effort to assess the increase in radioactivity relative to the rate of purine excretion, an estimate of the specific activity of the urinary purines was made by calculating the ratio of the radioactivity excreted to the total purine excreted. In the base line period and one hour after intravenous fructose, all patients with neuromuscular disease had a significant elevation of the apparent urinary specific activity as compared to the normal value (Fig. 5 ).
ERYTHROCYTE PURINE ENZYMES
All patients in the study were further screened for evidence of an abnormality of purine metabolism by erythrocyte enzyme assays. The values for hypoxanthine-guanine phosphoribosyl- transferase, adenosine deaminase, purine nucleoside phosphorylase and PP-ribose-P synthetase were within the normal range.
DISCUSSION
An accelerated rate of purine nucleotide degradation may occur in muscular dystrophic Gndromes. ~o m o z~k t e mice for muscular dystrophy have marked elevations in the sum of uric acid and allantoin in their plasma or urine (6) . Dystrophic chickens have marked elevation of the plasma urate concentrations and urinary uric acid excretion (12) . 'An increase in de novo purine synthesk has been observed in a single patient with advanced progressive muscular dystrophy (2) . Our studies of patients with Duchenne muscular dystrophy indicate a significant increase in the urinary purine excretion (Table 1) .
The increase in total purine excretion observed may be related to the reduced concentrations of ATP and creatine phosphate in dystrophic muscles (Fig. 1) (3, 5, 13, 14, 20, 30, 39) . ATP depletion may be to 50% of the normal value, ADP depletion to 30% of normal value and creatine phosphate depletion to 20% of the normal value. Since a diminution of muscle ATP during exercise in normal human subjects acutely increases plasma and urinary purines (32) , it is evident that changes in muscle nucleotide metabolism may be detectable by sampling these body fluids. Therefore, it is possible that accelerated ATP turnover may be responsible for the increased purine excretion observed in ~u c henne muscular dystrophy (Fig. 1) .
Further evidence for a disorder of purine nucleotide degradation in Duchenne muscular dystrophy is suggested by the abnormal response to intravenous fructose. After fructose infusion patients with muscular dystrophy had a normal increase in total purine excretion and a significantly increased excretion of radioactivity. These data suggest that there may be a component of the adenine nucleotide pool that is degraded more rapdily after intravenous fructose. This is supported by the significantly higher apparent specific activity of the urinary purine excretion during the first hour after intravenous fructose in patients with muscular dystrophy. Although many of these changes were evident in other neuromuscular diseases suggesting elevated adenine nucleotide turnover, the latter patients were distinguished by a less than normal increase of total purine excretion and only slight elevation of the plasma urate concentration after intravenous fructose (Table  2) .
Could the abnormal purine excretion observed in these diseases be related only to the decreased muscle mass and a reduction in the adenine nucleotide pool? The following changes after a fructose infusion may indicate a diminished ATP pool: little or no increase in serum urate level and urinary purine excretion, increased urinary radioactivity excretion and elevated urinary purine specific activity. Many of the biochemical alterations observed in patients with other neuromuscular diseases ( Table 2 ) resemble this pattern, suggesting that a diminished ATP pool may contrib- Ute to the abnormalities. Since disease severity in other neuromuscular diseases is functionally similar to mild Duchenne muscular dystrophy (Table l) , it is unlikely that this abnormality can be attributable only to more severe disease and more extensive muscle wasting. Ducheme muscular dystrophy deviates from this pattern. The normal increase in urinary total purine excretion following fructose infusion (Fig. 3) suggests that the nucleotide pool degraded in Ducheme muscular dystrophy may be similar in size to the nucleotide pool in control subjects. The observation of an abnormality common to both severe and mild Duchenne muscular dystrophy suggests that the disorder is not related only to the degree of muscle wasting and disease severity.
Although our data suggest an accelerated rate of adenine nucleotide turnover in Duchenne muscular dystrophy, the tissue origin of these abnormalities cannot be localized. Increased ATP turnover in muscle tissue from Ducheme muscular dystrophy is an interpretation compatible with these observations, but this cannot be proven without direct studies of muscle tissue. Furthermore, it is not possible to state whether this alteration is a primary abnormality in Ducheme muscular dystrophy or whether it might be secondary to some other disorder. For example, the proposed membrane dysfunction in Duchenne muscular dystrophy (1 I, 25, 26, 28, 29, 37, 40) could lead to depletion of ATP concentrations in muscle cells. The increased consumption of ATP to maintain cellular homeostasis could accelerate purine nucleotide turnover. Alternatively, there may be a primary disorder of ATP metabolism. This possibility is suggested by abnormal mitochondria in the liver of dystrophic mice (17) . In addition, hereditary dystrophic mice have a defect of the purine nucleotide cycle in skeletal muscle (27) , which may modify adenine nucleotide metabolism (Fig. 1) . Finally, there is no discernable connection at present between muscular dystrophy and known inborn errors of purine metabolism, since the erythrocyte purine enzymes measured were normal. Elevation of hy6xant&e:guanine pho~~horibos~ltransferase has been observed in muscle tissue from Duchenne muscular dvstrophy (24) . The value was normal in erythrocytes in our stud; and in another report (24) , suggesting that the elevated muscle enzyme activity may be a secondary alteration (15) .
Whether an accelerated rate of purine nucleotide turnover in Duchenne muscular dystrophy is a primary or a secondary cause of the disease may not be important in terms of the potential therapy for the disorder. If ATP depletion represents an abnormality secondary to some other primary disorder, an increase in ATP concentrations in muscle cells may improve muscle function and prevent continued deterioration. Therefore, the issues of a disorder of adenine nucleotide turnover and its modification by specific therapy require further consideration in the etiology and management of Ducheme muscular dystrophy.
